Vascular Endothelial Dysfunction and Effects on Arterial Wall Microstructure by Rodgers, Jeffrey Thomas
University of South Carolina 
Scholar Commons 
Theses and Dissertations 
Spring 2021 
Vascular Endothelial Dysfunction and Effects on Arterial Wall 
Microstructure 
Jeffrey Thomas Rodgers 
Follow this and additional works at: https://scholarcommons.sc.edu/etd 
 Part of the Biomedical Engineering and Bioengineering Commons 
Recommended Citation 
Rodgers, J. T.(2021). Vascular Endothelial Dysfunction and Effects on Arterial Wall Microstructure. 
(Doctoral dissertation). Retrieved from https://scholarcommons.sc.edu/etd/6230 
This Open Access Dissertation is brought to you by Scholar Commons. It has been accepted for inclusion in 




Vascular Endothelial Dysfunction and Effects on Arterial Wall Microstructure 
 
By 
Jeffrey Thomas Rodgers 
 
Bachelor of Science 
University of South Carolina, 2019 
____________________________________________ 
Submitted in Partial Fulfillment of the Requirements 
For the Degree of Master of Science in 
Biomedical Engineering 
College of Engineering and Computing 
University of South Carolina 
2021 
Accepted by: 
Tarek M. Shazly, Director of Thesis 
John F. Eberth, Reader 
Susan M. Lessner, Reader 




















© Copyright by Jeffrey Thomas Rodgers, 2021 










 First, I would like to acknowledge the contributions of my graduate advisor, 
Dr. Tarek Shazly, in his guidance and mentorship which allowed me to become a 
more competent researcher, writer, and professional in the field. I would also like 
to thank Dr. John Eberth and Dr. Susan Lessner, for their contributions and 
collaboration in providing advice and mentorship in both the project itself and in 
the further development of my abilities as a scientific and engineering researcher. 
I would also like to thank Dr. Mohamad Azhar and Dr. Michael Matthews for 
providing feedback in the drafting and publication of this document. I would also 
like to acknowledge the contributions of the other former and current students who 
contributed in some capacity to the completion of this project, namely William 
Torres, Ph.D., Dara Azar, Ph.D., Brooks Lane, Ph.D., Colton Kostelnik, B.S. for his 
aid in creating Figure 1.1, Matthew Lohr, and especially Liya Du, M.S., without 
whom the current progress on this thesis project would not be possible and who 
greatly aided in collecting the samples used for data in this document. Lastly, I 
would like to thank my parents, Christopher and Roseanne, and my brother, Craig, 








Vascular endothelial cell dysfunction (ECD) is a disease characterized by 
the inability of the vascular endothelial cells to transmit signaling molecules, 
namely nitric oxide (NO), in response to changes in blood flow rate. This disease 
is shown to be incident in the onset of more severe vascular disease such as 
hypertension, atherosclerosis, and heart failure. Long-term ECD is shown to cause 
long-term remodeling such as decreased flow-mediated dilation, increased pulse-
wave velocity, intimal-medial thickening, and increased wall stiffness due to 
collagen deposition. We used second harmonic generation (SHG) microscopy to 
analyze this change in the collagen microstructure of the arterial extracellular 
matrix due to decreased nitric oxide signaling. In the analysis of these microscopic 
images, we observed a significant increase in the relative frequency of 
circumferentially oriented collagen fibers with age in knockout mice with an 
expected decrease in NO signaling compared to their wild-type counterparts. 
Within these mouse arteries, we also observed a sharper decrease in the tortuosity 
of the circumferential fibers compared to the axial fibers. Overall, these results 
have implications toward studies in NO-dependent stress-mediated remodeling 
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Introduction to Endothelial Cell Dysfunction 
1.1 Introduction 
 The structure of elastic arteries consists of three layers: the tunica intima, 
tunica media, and tunica adventitia (Figure 1.1) 86. The structural proteins elastin 
and collagen (primarily type I) are the key passive load-bearing components in the 
arterial wall, while smooth muscle cells are responsible for active force generation. 
Other wall constituents, notably proteoglycans, play a role in vascular tissue 
mechanical behavior but are excluded from most continuum-level mechanical 
models due to the deterministic influences of elastin and collagen 5,67. The 
numerous layers of elastin in the elastic arteries give rise to an elastic recoil and 
functionally dampens nominally pulsatile blood flow, a feature central to arterial 
homeostasis 47,76. 
Collagen maintains arterial structure through a cohesive extracellular matrix 
(ECM), and notably increases and reorganizes during most  instances of vascular 
tissue remodeling 48,86,104. While elastin is primarily contained within a 
membranous structure in the elastic arteries, collagen fibers form a complex multi-
directional matrix 86. Given that taut collagen is a stiffer material in comparison to 
elastin, growth and remodeling processes that lead to a net increase in collagen 
mass fraction generally coincide with an overall increase in vascular tissue 




sustained hypertension 20,66. Smooth muscle cells (SMCs) are predominantly 
circumferentially oriented and mediate vasoconstriction/vasodilation in response 
to both internal and external stimuli 86. Maintenance of normal vascular SMC tone 
as well as transient modulations are facilitated by the vascular endothelium, largely 
through the release of acetylcholine 66. 
The vascular endothelium facilitates the growth and maintenance of the 
blood vessels. In addition to angiogenesis, which is beyond the scope of this paper, 
vascular endothelial cells (ECs) are involved in the maintenance of vascular tone 
through mechanotransduction 66,110. In healthy tissue, ECs convert wall shear 
stress into a chemical signal through the stimulation of their glycocalyx layer 86. 
This stimulation results in the conversion of L-arginine to nitric oxide (NO), an 
important mediator in the regulation of vascular tone, by endothelial nitric oxide 
synthases (eNOS) (Figure 1.2) 26,104. Disruptions in NO signaling and dysfunction 
of the endothelium can result in the onset of vascular disease- their pathological 
processes generally termed endothelial cell dysfunction (ECD). 
1.2 Background 
1.2.1 Endothelial Dysfunction 
Endothelial cell dysfunction (ECD) is characterized by an inability of the 
intimal ECs to translate mechanical stimuli into chemical signals, namely NO, 
which results in a decrease in NO bioavailability. These disruptions in NO signaling 
often result in a decreased physiologic potential for endothelium-dependent 




blood flow stimulates the production of NO by eNOS 26,41. This not only modulates 
vascular tone and vasodilation but also prevents the accumulation of macrophages 
and platelets, thereby preventing atherosclerosis 72. However, various factors can 
lead to the decreased bioavailability, and therefore decreased activity, of NO.  
1.2.2 ROS and Associated Biomolecules 
 The main factor that determines the bioavailability of NO is the relative 
concentration of reactive oxygen species (ROS), including superoxide molecules, 
which bind with NO to produce peroxynitrite and inhibit its activity 41,72,110. There 
are many underlying conditions that can cause an increased concentration of ROS 
in the blood. Elevated localized ROS concentrations are largely due to overactivity 
of smooth muscle NADPH oxidase, which produces superoxide as a byproduct of 
its processes 72. NADPH oxidase activation is linked to increased levels of 
angiotensin II and thrombin, and is mechanically associated with abnormal cyclic 
strain due to hypertension 13. In many instances, low shear stress can also lead to 
a greater concentration of ROS, being partially responsible for the increased 
plaque development associated with atherosclerosis 105. However, abnormally 
large increases in shear stress can also lead to the increased production of ROS, 
as is seen in superoxide production that occurs as a result of coronary artery 
reperfusion during treatment of myocardial infarction 35. Another common 
molecular origin is vascular endothelial progenitor cell senescence, where natural 
aging decreases the renewal of the endothelial layer, causing a lessened ability to 





1.2.3 eNOS Inhibition 
ECD can also arise due to inhibition of the eNOS protein and desensitization 
of the vascular SMCs to NO signaling. ROS directly impacts NO concentrations 
via direct binding to form peroxynitrite and can also bind with and deactivate eNOS 
72. While this process is seen gradually in aging individuals, eNOS uncoupling and 
inactivation is replicated in the laboratory pharmaceutically by exposing specimens 
to L-NAME (N(gamma)-nitro-L-arginine methyl ester) or L-NMMA (L-N(gamma)-
monomethyl arginine acetate) 75,129. The gradual uncoupling of eNOS coincides 
with aging, but there is evidence to suggest that the pharmaceutical addition of 
tetrahydrobiopterin (BH4), an important cofactor of eNOS, can protect against this 
process and mediate healthy signaling 103,129. After NO is transmitted to the 
vascular SMCs, the ability to elicit a response also depends on the local activity of 
guanylyl cyclase in the production of cGMP (cyclic guanine monophosphate) 71 
(Figure 1.3). 
1.3 Clinical Correlations 
1.3.1 Systemic Conditions Can Exacerbate Endothelial Dysfunction 
ECD is both the result and advent of numerous systemic conditions (Figure 
1.4). Previous clinical studies have shown that external and systemic factors such 
as regular smoking, diabetes mellitus, and a sedentary lifestyle can lead to the 
onset of ECD. For example, chronic exposure to tobacco smoke leads to 
decreased NO bioavailability as well as the initial development of hypertension and 




transmission of inflammatory, atherogenic signals 69. Diabetes has been shown to 
correlate with a decrease in NO bioavailability related to ECD 4,41,104. One of the 
likely reasons for this is that insulin facilitates vascular NO production 41,124. 
Because regular exercise provides periods of increased shear stress, mechanical 
stimulation, and decreased oxidative stress, a sedentary lifestyle is also an 
indicator for the likely onset of ECD 41,62.  
1.3.2 Hypertension and Endothelial Dysfunction 
Clinical correlations have been observed between hypertension and ECD, 
with evidence to support that ECD can both cause and be a result of hypertension. 
In many cases, chronic ECD tends to exacerbate hypertension 3,104, and it is 
believed that this systemic increase in blood pressure is a result of the lack of 
microvascular dilation due to NO signaling 20,78. Likewise, there is a growing body 
of evidence that agents commonly prescribed to treat hypertension, including 
calcium channel agonists and angiotensin-converting enzyme (ACE) inhibitors can 
alleviate the effects of ECD 31,91. However, other studies debate the correlation 
between ECD and hypertension, and instead indicate that sustained hypertension 
appears to cause ECD 85. These proponents argue that sustained clinical 
hypertension results in an increased circumferential stretch, causing maladaptive 
vascular remodeling 115. This may also be a result of the increased oxidative stress 
due to the overactivity of enzymes like NADPH oxidase as is seen in some patients 





1.3.3 Relationship with Atherosclerosis and Vascular Disease 
Other studies indicate that ECD may lead to the development of more 
severe cardiovascular conditions such as atherosclerosis and heart failure. NO, 
which is maintained by consistent laminar flow of blood within the arteries, is 
commonly seen as a major atheroprotective factor during normal functioning 
18,21,33. A dysfunctional vascular endothelium is commonly associated with a 
maladaptive interaction with low-density lipoprotein (LDL) cholesterol in the blood, 
and there is a direct correlation between hypercholesterolemia and localized ECD 
96. It has also been observed that a deficiency in NO signaling can lead to the 
initiation of an inflammatory cascade, which can cause platelet adhesion, 
lymphocyte migration, and eventually atherosclerotic plaque development 72. 
Areas that have irregular flow patterns, such as bifurcations, are especially prone 
to this process 18. Further progression of atherosclerosis and hypertension through 
chronic endothelial dysfunction can eventually lead to more severe outcomes such 
as stroke, myocardial infarction, and heart failure 66. There is a confirmed link 
between ECD and the pathogenesis of aortic and cerebral aneurysms through 
increased oxidative stress, decreased eNOS activity, and activation of the 
inflammatory cascade 94,95. 
1.3.4 COVID-19 and Regionalized Endothelial Dysfunction 
Recently, clinical studies have observed a correlation between symptomatic 
cases of coronavirus disease 2019 (COVID-19) and the onset of ECD, specifically 
within the cardiac and pulmonary regions. Severe acute respiratory syndrome 




coronavirus 2 (SARS-CoV-2), cause irregular activation of the inflammatory 
pathways 30,97. One such example is in the interference of SARS-CoV-2 in the 
homeostatic maintenance of the renin-angiotensin-aldosterone system 2,97. 
Continuous activation of inflammatory pathways by this virus and increased 
coagulability, especially within the pulmonary vascular system, can lead to ECD 
as well as other vascular events such as deep vein thrombosis, ischemia, and 
stroke 30. There is also evidence that points to SARS-CoV-2 being able to directly 
infect vascular ECs, resulting in localized ECD 74. However, it appears that those 
patients who have had preexisting ECD being diagnosed with COVID-19 are more 
prone to adverse vascular events while infected 74. Thus, lifestyle measures such 
as diet and regular exercise are key in preventing vascular complications due to 
COVID-19 within individuals who are part of a more vulnerable population 74. 
Overall, because SARS-CoV-2 has deleterious effects on the vascular 
endothelium, and understanding of the remodeling caused by endothelial 





1.4 Tables and Figures 
 
 
Figure 1.1. Histological cross-section of a porcine internal thoracic artery using 
Movat’s Pentachrome. This figure details the three main layers of the arterial wall 
which are differentiated by the color oof the stain in the image. As can be seen 
here, the internal elastic lamina separates the intima from the media, and the 
media contains multiple elastic layers with collagen scattered throughout. The 
adventitia is stained differently because it contains mostly connective tissue, 
including fibroblasts and adipocytes. (Image courtesy of Colton Kostelnik, see 










Figure 1.2. Production and effects of NO in a healthy vascular wall. In this 
diagram, eNOS uses L-arginine to produce NO, which goes on to relax the 
smooth muscle and dilate the artery. Green arrows refer to products, while yellow 






Figure 1.3. Inhibition of eNOS by ROS. The increased presence of angiotensin II 
(Ang II) stimulates NADPH oxidase, which produces superoxide. This combines 
with NO to create peroxynitrite, which can inhibit eNOS, preventing proper NO 
signaling. Green arrows show products and stimulation, yellow arrows show 







Figure 1.4. Clinical context of vascular endothelial dysfunction/ECD. Systemic 
conditions associated with the exacerbation of vascular endothelial 
dysfunction/ECD (blue) are shown on the left, and the vascular diseases affiliated 
with ECD (red) are shown on the right. As shown above, systemic hypertension 










Review of Experimental Studies 
2.1 Flow-Mediated Dilation 
Various techniques have been previously used to quantify endothelial 
dysfunction and its associated remodeling of the vascular wall, including flow-
mediated dilation (FMD). In short, FMD uses reactive hyperemia, commonly in the 
brachial artery, to measure an artery’s ability to dilate. The relative percent dilation 
of the brachial artery is used to quantify endothelial-dependent vasodilation 36. In 
this case, arteries that have lower endothelial functioning are less able to adapt to 
a sudden, temporary increase in the rate of blood flow 57. While the ability of this 
method of measurement to predict future vascular outcomes is limited, there is 
conclusive evidence that changes in FMD percentage (%FMD) across multiple 
tests can be an indication of developing vascular disease 90. 
Previous studies have reported that a decrease in dilation in response to 
reactive hyperemia corresponds with a decreased endothelial function and serves 
as an overall predictor of cardiovascular events 36,57,79. Gocke et al. showed that 
individuals with noninvasively determined endothelial dysfunction had an average 
%FMD that was 37% less than that of healthy individuals 33. This finding is 
reinforced by Poggianti et al. where in those with more severe vascular diseases, 
the %FMD can be less than half of that in healthy subjects 79. Furthermore, there 




disease with a 17% decrease in cardiovascular risk associated with every 1% 
increase in %FMD 36,109. However, Green et al. (2011) have shown that 
longitudinal decreases in %FMD have the greatest correlation with deterioration in 
endothelial functioning 36. Because these longitudinal changes can be minute, this 
data should be supplemented with other methods of testing to fully assess 
endothelial functioning 90. 
Other studies have also directly quantified eNOS activity through localized 
NO concentrations or through measurement of the arterial response to stimuli 
associated with NO activity. Hansen et al. which linked HIV to vascular endothelial 
dysfunction, measured dilation in response to acetylcholine and revealed a 22% 
lower relaxation in HIV transgenic versus wild-type specimens 37. Similarly, Huang, 
et al. revealed that eNOS knockout mice had an acetylcholine-dependent 
vasodilation that is 13.7% lower than that of their WT counterparts 43. Within aging 
human subjects, dilation measurements via peak flow rate revealed acetylcholine-
dependent dilation to be significantly less in aged individuals whereas SNP-
dependent dilation was insignificantly different 99,101. Another technique that is also 
being used to measure endothelial function is flow-mediated contraction in 
response to reduced flow 34. While flow-mediated constriction has not been as 
extensively studied as FMD, current research suggests that this test, when coupled 
with FMD, can provide a more accurate assessment of endothelial function 38. 
2.2 Pulse-Wave Velocity 
Pulse-wave velocity (PWV) is a common technique used to assess the 




in situations where ex-vivo mechanical testing is not feasible 3. Briefly, PWV 
measures the time it takes for an arterial pulse-wave to travel between two 
pressure transducers 63. This velocity measurement, along with arterial diameter 
measurements taken with ultrasound, are used to determine the compliance and 
distensibility of the major artery 63. A greater pulse-wave velocity measurement is 
often associated with stiffer arteries due to less absorption of kinetic energy by the 
elastic membranes 17,92. Abnormal PWV readings are often associated with 
diseases such as hypertension 17. During these types of tests, the ultrasound 
measurements are often also used to obtain information regarding the compliance 
and distensibility through incremental measurements of pressure and cross-
sectional area, which can be used to obtain the volume of blood contained within 
the vessel 11. 
Within younger adults, a higher PWV can often indicate the onset of ECD, 
as was determined by relative biomarker concentrations by Van Bussell, et al. and 
can likely be used as a predictive measure for future vascular disease 14. When 
looking at diseases linked with ECD, there is a significant correlation between the 
level of fasting glucose and mean arterial pressure and PWV 102. In a more 
controlled setting with eNOS knockout mice, Jung et al. found that PWV tended to 
be more than 10% greater in the knockouts compared to the wild-types, along with 
a similar increase in mean arterial pressure with similar heart rates 49. An increase 
in PWV also corresponds to an increase in vascular disease severity (such as 
atherosclerosis, hypertension and other associated diseases), with the most 




An increased PWV corresponds with a decrease in compliance and 
distensibility 6. In linking childhood obesity to endothelial dysfunction, Tounian et 
al. found the unhealthy subjects to have significantly decreased compliance and 
distensibility compared to the control group 108. These findings of decreased 
compliance are also found in adult patients with ECD via acceleration of peak 
velocity, which tends to be inversely related 99. This significant decrease in 
distensibility remains true over more gradual periods, through the level of changes 
varies depending on the location according to Van Bussell, et al. 15. While some 
may argue that the above changes observed in these patients are a result of 
comorbidities rather than ECD itself, these trends were also observed in more 
controlled experiments with eNOS knockout mice 49,61. The results from the above 
two sections are summarized in Table 2.1.   
2.3 Wall Stiffness 
A likely contributor to decrease in compliance and distensibility is an 
increase in tissue stiffness. Within aging individuals affected by various 
cardiovascular conditions, those with ECD were reported to have a greater 
elasticity index compared to healthier controls, which is a numerical factor used as 
a surrogate for tissue stiffness 101. This finding is mirrored by studies which have 
observed a similar phenomenon in children with diagnosed vasoactive dysfunction 
15. However, increased tissue stiffness was not seen in experiments where ECD 
was induced in transgenic mice and their arterial tissue properties were assessed 




In other studies that examine the trends in stiffness in pathologies correlated 
with ECD, there is a distinct trend toward increased stiffness. During the biaxial 
mechanical testing of diabetic arteries with measured vasoactive dysfunction, 
there is a notable trend toward increased stiffness with age in the circumferential 
direction compared to healthy controls 23,106. This corresponds with a doubling of 
the elastic modulus in arteries affected by ECD along with a decrease in material 
parameters used to quantify the contribution of collagen to the overall strain energy 
equation 23. These overall changes in stiffness due to ECD are mostly reflective of 
changes in the constituent mass fractions within the medial extracellular matrix, as 
is seen in studies directly looking at ECD and those looking at correlated disease 
states such as hypertension 25,108. 
While other studies have used biaxial testing to assess arterial mechanical 
properties, some in-vivo studies have been able to examine these properties 
through indirect measures such as the augmentation index (AIx). As with FMD and 
PWV, AIx can be used as a predictive measure for cardiovascular risk 77. The AIx 
measures an elastic or peripheral artery’s response to a pulsatile pressure, with a 
greater AIx corresponding with a stiffer artery 3,63. Like with arterial stiffness, 
modulation of NO tends to increase augmentation index and causes the arteries 
to become stiffer 3. This increase in AIx is also seen in diseases related to ECD 
77,121. Tudoran, et al. shows that the percent increase in AIx is correlated with 
disease severity 109. This is further developed in a study by McEniery, et al. which 
showed that Aix is significantly negatively correlated with endothelial functioning 




2.4 Intimal-Medial Thickness 
Observed changes in wall stiffness and measurements obtained by FMD 
and PWV due to ECD are accompanied by alterations in arterial geometry and 
relative amounts of constituents within the arterial wall. As is observed in eNOS 
knockout mice, one of the key characteristics that arise as a result is increased 
intimal-medial thickness (IMT) 41,72,85,88,123. While studies such as Poredos, et al. 
that looked at ECD in terms of other conditions quantified the increase in IMT at 
around 10%, Kleinbongard et al. isolated this disease and observed changes of up 
to 60% 55,80,123. Not surprisingly according to Yuskel, et al. increased IMT is 
coupled with an increase in the arterial cross-sectional area 130. While smooth 
muscle hyperplasia is also observed in many cases, increased deposition of 
extracellular matrix material provides a significant contribution to this increased 
thickness 37,88. Most of this ECM expansion is due to an overproduction of collagen, 
a much stiffer material than elastin 27,37.  
Coupled with this collagen expansion is often the gradual degradation of 
elastin 117. In ECD, an inversion of the collagen-to-elastin ratio from mostly elastin 
to mostly collagen is often observed (from ~0.5 to ~2.0) 7,81. As is shown in Tong, 
et al., this trend is also seen in diseases correlated with ECD 106. This conversion 
of the tissue in the arterial wall from elastic to collagenous explains the increase in 
the elastic modulus reported by some studies 7,44. Most of these changes are very 
much like those observed in the early stages of hypertension 19,91. Thus, when 
considering a potential arterial growth and remodeling mechanism, that of 




account for the nuances of vascular ECD 70. Most of the above information 





2.5. Tables and Figures 







Summary of experimental values pertaining to previous studies which examined the flow-related properties of arteries with 
vasoactive dysfunction in-vivo. To the left is the name of the study, followed by the condition group measured by the 
study, and the percent difference in parameters of the affected group compared to the control group. The results of these 
studies are summarized at the bottom row using averages. All studies are conducted with human. Studies marked with an 
asterisk (*) indicate those in which dilation was achieved using acetylcholine as opposed to using FMD. All quantities 
represented are associated with a p-value of p<0.01 15,33,37,43,79,101,102,108,109.  
Study 
Condition 
Group Δ %FMD (%) Δ PWV (%) Δ Compliance (%) Δ Distensibility (%) 




Disease -37.14 N/A N/A N/A 
Poggianti, 2003 
Aortic Valve 
Sclerosis -58.49 N/A N/A N/A 
Tao, 2004 Aging -10.5 N/A N/A N/A 
Tedesco, 2004 
Diabetes and 
Hypertension N/A 46.8 N/A N/A 
Van Bussell, 2011 Aging N/A 7.79 -23.53 -20.55 
Tudoran, 2015 Hypothyroidism -78.40 40.81 N/A N/A 
 
Table 2.2. Summary of Experimental Structure-Related Measurement Values 
 
Study Condition Group Δ E (%) Δ AIx (%) Δ IMT (%) 
Poredos, 1999 Smoking N/A N/A 15.25 
Wilkinson, 2000 Diabetes N/A >90 N/A 
Tounian, 2001 Obesity 75 N/A N/A 




nitrite levels N/A N/A 60 
Eberth, 2011 Hypertension N/A N/A 75.32 
Van Bussell, 2011 Aging 4.55 N/A 6.45 
Tudoran, 2015 Hypothyroidism N/A 23.77 45.16 
Yuksel, 2016 Bechet's disease N/A N/A 25.42 
Desyatova, 2017* Aging and Diabetes N/A N/A 37.22 
 
Summary of experimental values pertaining to studies which examine the 
structure-related properties of arteries affected by ECD. The left column 
represents the name of the study, followed by the condition group studied and 
the measured quantities. The values are summarized by averages given at the 
bottom row. All studies are conducted with human subjects or samples. All IMT 
measurements were taken at the carotid arteries. Studies marked with an 
asterisk (*) denote those here the total wall thickness is reported instead of IMT. 











Review of Mechanical Modeling 
3.1 Introduction 
To accurately model ECD, one must choose a modeling framework from 
which to operate. Previously, arterial mechanical behavior has been characterized 
through several different approaches. Many studies have used phenomenological 
models to represent this mechanical behavior, in which experimental results are 
used to populate the strain energy equations. While this method of characterization 
is highly useful in being able to accurately assume a mechanical model from 
experimental  data, it lacks many of the predictive capabilities that other modeling 
methods provide 47,116. A second classification of mechanical behavior is a 
structurally motivated model, in which the mechanical behavior is characterized by 
a combination of the individual constituents of the artery via a mixture model 60,83. 
This type of model more adequately describes the mechanical behavior of the 
arteries through the inclusion of collagen, elastin, and smooth muscle contributions 
12,113. As will be discussed, many previous studies have expanded upon this notion 
by categorizing constituents by their respective layers through multi-layer models 
throughout the different stress states shown in Figure 3.1 113. To better study the 
changes surrounding the growth and remodeling associated with a disease state, 




constituent geometries and relative contributions to the strain energy equation over 
time, as shown in Figure 3.2. Other studies have expanded upon this by also 
accounting for interactions between the constituents at the cellular level through 
chemo-mechanical models 53,54. However, most agent-based or chemo-
mechanical components of these models are beyond the scope of this paper due 
to their conflicts with the basic length-scale assumptions of continuum mechanics 
47,54. Refer to Appendix A for the development of the appropriate kinematic 
definitions for these models, Appendix B for the development of their constitutive 
equations, and Appendix C for the implementation of a G&R approach. 
ECD can be defined as an increase in flow rate without compensatory 
vasodilation 45. Thus, a modification of maladaptive growth and remodeling due to 
increased blood flow may also prove useful in the creation of a mechanical 
simulation. While most of these studies simulate the initial vasodilation due to a 
modification of active stress, most of the changes in properties associated with the 
structure of the arterial wall are observed over longer time periods. However, very 
few studies have explored these changes. Therefore, more work must be 
accomplished within this condition to gain a further understanding of the 
mechanical conditions to which ECD corresponds. In an experimental setting, 
many studies use tests like biaxial mechanical testing on a harvested tissue or 
flow-mediated dilation on a tissue in-vivo 127. However, there are many times when 
the simulation of a diseased state is more approachable in terms of time and cost. 
The following section of this paper is dedicated to the presentation of simulated 




3.2 Prediction of Effects of ECD using Related Disease States 
The computational mechanical models presented below look at the 
potential to model ECD like that of associated disease states through previously 
established G&R relationships. While these studies provide a basis from which an 
applicable constituent-dependent G&R relationship may be derived, they must be 
refined to account for the nuances of ECD such as NO-mediated G&R 
relationships. 
The model used by Wan et al. (2010) simulates the changes in arterial 
structure under a more generalized growth and remodeling framework. After a test 
in which the remodeling rates of each of the constituents were the same, these 
authors assumed insignificant elastin remodeling and very similar collagen and 
smooth muscle remodeling rates. For increased flow rate, the vessel never 
completely restored its initial circumferential stress. Another finding is a 
significantly increased collagen deposition in the tunica media under these 
conditions. For their increased pressure simulations, after inducing maximal 
smooth muscle contraction the arterial wall increased to twice its original thickness 
while never completely restoring the normotensive circumferential stress. While 
this model provides great utility for generalized G&R considering that it accounts 
for the distribution of newly formed collagen fibers, it lacks the increased 
complexity of the collagen fiber arrangements that the newer models improve upon 
119. 
Valentin et al. (2011) applies a G&R strategy to aging. This simulation 




with age because of gradual elastin degradation and increased collagen 
deposition. This is seen as an inversion of the collagen-elastin ratio that is 
observed in the healthier years of adulthood, with the rate varying based on the 
G&R rate parameters. A gradual decrease in the opening angle with age after thirty 
years old was also observed, along with an irreversible increase in both vessel wall 
thickness and mean circumferential stress. For modeling endothelial dysfunction, 
this model could serve as a good start for building a framework. Some of the key 
hallmarks of this model are the definition of equations for stiffening of the vessel 
wall and progressive vasoactive dysfunction. However, this model makes some 
large assumptions to simplify the equations with respect to collagen fiber 
deposition and changes in the different layers of the arterial wall 113. 
Karsaj and Humphrey (2012) attempt to use a slightly modified approach to 
G&R, accounting for differences within the different layers of the artery. This was 
largely done through approximations of both the distance of each layer from the 
lumen and the mass fractions of each constituent in each layer. Under a simulation 
of increased pressure, the outer radius was significantly increased, and a 
significant amount of growth was observed in the media and adventitia. Under 
increased blood flow, only a slight increase in inner and outer radius was observed 
and there was no evidence of remodeling. Under hypertension and conditions 
more representative of a diseased state, a significant increase in the outer radius 
was observed along with a decrease in the opening angle. This study improves on 
previous models of G&R through the introduction of a multilayered approach, 




added level of complexity it also simplifies the collagen structure by not accounting 
for fiber angle or change in collagen structure during deposition. During its 
simulation of G&R in the diseased state, it also made assumptions in its 
parameters based on clinical findings rather than establishing predictive equations 
as was done in the previous studies 51. 
The model introduced by Valentin, et al. (2013) expands upon a constrained 
mixture approach with the use of differential G&R for each of the constituents. 
Finite element analysis then simulates the stress and strain under differential 
growth. During their simulations, these authors discovered a modest decrease in 
circumferential stress, a modest increase in axial stress, and arterial loss of mass 
during homogeneous growth and remodeling. For G&R applied differentially to the 
constituents, production of both circumferential and helical collagen fibers as well 
as growth rate for smooth muscle and adventitial collagen increased significantly 
over time. However, this same trend was not observed in terms of the applied 
stresses. The key advantage to this model is the application of the constrained 
mixture theory for both finite element and semi-analytic approaches, 
demonstrating the true practicality of this simulative environment. By using an 
integral rather than a differential approach, the history of the vessel can be 
considered. However, this model is more for general G&R rather than application 
to a specific diseased state, so applying it to ECD or another diseased state 
requires an intermediate analysis into the true observed remodeling rates of the 




Shazly and Rachev (2020) further expand upon the constrained mixture 
model for growth and remodeling by adding a more thorough definition of collagen 
fiber angle and adding fiber recruitment into the strain energy equations. The 
interaction between collagen and elastin is also included within the mixture model, 
causing a change in the recruitment of collagen fibers. Instead of using equations 
to account for the continual production and decay of each constituent, this model 
simply uses a starting and ending point for each constituent’s mass fractions during 
hypertensive G&R based on the change in loading conditions. The key advantage 
of this model is the increased complexity of the collagen matrix being considered 
in the definition of the constitutive equations. While the embodiment of G&R in this 
study pertains strictly to hypertension, the similarities in changes between 
hypertension and endothelial dysfunction can allow this level of remodeling to be 
considered. However, the homeostatic pressure-dependent growth and 
remodeling considered in this paper prevents its easy utility in cases such as ECD 
84. 
3.3 Predicting Effects of ECD using Change in Pressure 
Concerning the computational modeling of ECD, studies often refer to the 
maladaptive remodeling in response to changes in blood flow. Maladaptive 
remodeling, in contrast to adaptive remodeling, evolves because of an inability to 
restore mechanical properties such as shear stress and stress within the wall. This 
type of remodeling often results in permanent changes in the unloaded arterial 
geometry. Within the model developed by Rachev (2000), passive and active 




macrostructural changes of elastic arteries. This study characterized these 
changes due to remodeling as a remodeling stretch ratio, which defines the 
remodeled arterial geometry as a ratio between the final unloaded length to the 
initial unloaded length. During shorter time periods, the smooth muscle was able 
to adequately restore the wall shear stress but had a gradual decay in its 
vasoactive stress contribution over longer time periods. Over these longer time 
periods, the study also observed that the degree of increased flow rate is 
correlated with the total increase in both median radius and wall thickness, much 
like the previously discussed histological analyses of arteries with ECD. There was 
also a slight decrease in inner radius over longer time periods. Overall, these 
changes due to remodeling were able to restore the geometry such that there was 
no observable remodeling stretch ratio at lower flow rates and a remodeling stretch 
ratio of less than 1.1 at higher flow rates. Therefore, the remodeling that occurred 
to restore the initial stress state did not produce a large change in arterial wall 
geometry 82. 
Maladaptive tissue remodeling due to increased flow rate is further defined 
by Humphrey and Rajogopal (2003), who modeled collagen deposition in response 
to a step change in blood flow. This study uses homogenized constrained mixture 
theory in defining the stress functions, along with added components to account 
for constituent evolution over time. As such, this study describes constitutive 
equations for each of the three main load-bearing components of the artery. In 
describing their remodeling rates, these authors assumed that collagen deposition 




the occurrence of abnormal loading. Their assumed remodeling rates account for 
remodeling due to both contraction and dilation that occurs in response to the 
endothelial release of signaling molecules. They found that a 30% increase in flow 
rate was accompanied by a 10% increase in diameter over longer time periods at 
which maladaptive remodeling occurs. This was largely assumed to be a result of 
collagen deposition and production of new smooth muscle, much like in arteries 
experiencing ECD. However, this study was unable to further extrapolate the 
resultant remodeling from their constitutive equations because of the lack of 
studies at the time of publication on the material parameters and both the rates of 
change and the survival fractions of the constituents 46. 
Gleason and Humphrey (2005) expand upon this previous work through a 
constrained mixture model with differential constituent growth kinetics and a more 
detailed definition of the collagen matrix. As in the previous models, the rates of 
mass production and turnover are directly influenced by the difference between 
the current and homeostatic wall stresses. In accounting for collagen, however, 
these authors used a two-term Gaussian distribution to define the angular 
distribution of the fibers in the collagen matrix. They also defined the smooth 
muscle contributions such that shear stress was almost instantaneously restored 
by smooth muscle activity, followed by long-term constitutive G&R to restore the 
homeostatic wall stress. After increasing the rate of flow three-fold, they explored 
the changes in arterial geometry and constituent mass fractions under both equal 
and variable constitutive remodeling rates. Under equal remodeling rates, the wall 




greater than the turnover rate, a decrease in wall shear stress was coupled with a 
sharp increase in wall thickness and loaded radius that eventually settled at an 
overall 40% increase from the initial state. When turnover rate was greater than 
growth rate, the wall thickness decreased before both loaded radius and wall 
thickness sharply increased by 40% overall. This is coupled with an initial increase 
in stress before homeostatic stress was restored. These latter two cases have 
implications in ECD-related arterial wall remodeling in their assumption of smaller 
changes in elastin with extensive collagen deposition. While heightened growth 
rates could simulate changes that can result in systemic hypertension, heightened 
turnover rates could have implications in ECD-related aneurysm development. In 
all cases, there was no long-term change in constituent mass fractions. In all 
remodeling cases, the authors mention that the medial SMC are replaced with 
ones with a different vasoactive range 32. 
Another study by Valentin, et al. (2008) further explored the contribution of 
smooth muscle activity through the shear stress-mediated modulation of 
constriction and dilation in a constrained mixture model 111. To account for collagen 
deposition, they utilized a mass production rate based on the change in stress of 
the collagen and smooth muscle 111. Over longer time periods, they observed that 
a 30% increase in flow rate caused the inner radius of the artery to increase by 
almost 90% 111. This increase in radius allowed for the restoration of a homeostatic 
wall shear stress 111. In a sequential study following a similar mechanical setup 
with collagen being deposited at a certain residual stress, they were able to vary 




activity results in less active stress, the stiffness parameters of the arteries must 
often increase to compensate, as is seen in arteries affected by ECD as previously 
discussed 112. This lack of SMC active stress generation is a direct representation 
of the effects of lower NO signaling due to ECD, as discussed previously. As a 
result, the required increase in stiffness is related to the rate of collagen production 
112. 
The model used by Wan et al. (2009) simulates the changes in arterial 
structure under a 3D constrained mixture of constitutive G&R, where the 
mechanical properties are individually defined. As with many of the previous 
studies, the kinetic mass deposition rate is a function of the difference between the 
homeostatic and resultant circumferential stresses. Collagen fibers were assumed 
to be deposited with a normal angular distribution with a mean located at the 
preferred direction of stress. The growth rate is also determined by the degree of 
active stress generated upon the imposition of increased blood flow in the lumen. 
In a simulation assuming equal constituent remodeling rates and a 60% increased 
flow rate, the wall thickness increased by 26% over longer remodeling periods. 
After this test, these authors assumed insignificant elastin remodeling and very 
similar collagen and smooth muscle remodeling rates.  Under these conditions, the 
thickness increased by 24% and the vessel never completely restored a steady-
state circumferential stress. Another finding is significantly increased collagen 
deposition in the tunica media under these conditions. These physiological 




coupled with collagen deposition is directly related to the findings associated with 
ECD-related maladaptive remodeling 119. 
Wu and Shadden (2015) further extend the above developments by 
coupling hemodynamics into their growth model to allow for G&R to be observed 
over a more patient-specific aneurysm geometry under variable pressure. Within 
this kinetic model of constitutive growth, they developed upon the previous models 
by introducing differential growth patterns for the load-bearing components of the 
arterial wall. By assuming that most of the elastin is produced prenatally, it was 
modeled using a first-order decay function, while collagen used a stress-mediated 
growth function like those in the previous models and experimental studies related 
to ECD. In the initial homeostatic stress configuration, most of the stress was borne 
by collagen fiber families oriented in the 45° and 135° (±45°) directions. Upon the 
application of shear stress, the loss of mass in the arterial wall close to the 
bifurcation led to inflation and expansion of the aneurysm. This led to a reduction 
of stress along the two previously mentioned fiber families. One thing to note, 
however, is that this study assumes that blood is a Newtonian fluid exhibiting 
Navier-Stokes behavior. While this assumption may hold for larger arteries with 
simple geometries, it is not as valid when applied to situations with smaller arteries 
and more complex geometries 125. 
3.4 Summary of Results and Predictions 
While more details should be integrated into the above models to properly 
account for the recent advances in our understanding of ECD, they can be used in 




rate without vasoactive mechanical compensation, the results from most of these 
models after the period of initial vasodilation may be extrapolated to predict the 
long-term remodeling in this disease 45. Overall, the above studies observe an 
increase in arterial diameter and wall thickness over time to restore the smooth 
muscle to a homeostatic equilibrium. They also conclude that most of the wall 
thickening is a result of increased collagen deposition, which increases the 
stiffness of the vessel 46,112.  
While these studies fail to address the nuances associated with vascular 
endothelial dysfunction, they can still be used as a basis for future modeling of this 
disease. They may also be improved by addressing the increased complexity of 
the collagen matrix, even beyond the distribution functions that some studies have 
presented. One example of such an improvement accounts for not just the 
direction but also the tortuosity at which collagen is deposited 84. Another 
improvement may be to couple flow-mediated remodeling with that which occurs 
due to aging, a factor that likely needs to be accounted for because of the effects 
of cell senescence which is often observed in endothelial dysfunction 40,113. 










Figure 3.1. (Adapted from Yang, et al.). Depiction of the three primary 
mechanical states of the arterial wall from which kinematic definitions are 
determined. A) The stress-free configuration, which is obtained by cutting 
through the thickness of the artery, is fully equilibrated after release of the 
residual stresses held by the structural collagen and elastin. B) The unloaded 
configuration has no internal stress applied but maintains the natural wall stress 
acquired from the structural collagen and elastin. C) The loaded configuration 












Figure 3.2. (Adapted from Karsaj, et al.) Depiction of the main development 
states important for defining constituent growth and remodeling. In between the 
initial time “0” and the final time “s”, there is a gradual permanent deformation of 
the constituents with the purpose of adapting to the altered mechanical state and 
restoring the homeostatic wall stress. The natural configurations are stress-free 
for each constituent. Kinetic deformations in between the initial and final time 









Changes in Vascular Microstructure 
4.1 Abstract 
Vascular endothelial dysfunction is often viewed as the onset to severe 
vascular disease. Caused by the lack of nitric oxide signaling by the endothelium 
to the vascular wall, it often results in the inability of the smooth muscle to dilate in 
response to changes in blood flow rate. In this study, the aortas of three different 
groups of mice-- wild-type, eNOS/NOS3 knockout, and heterozygous--- at various 
ages were stained and imaged using second harmonic generation microscopy. 
The collagen fibers in these images were then grouped into histograms based on 
their tortuosity/undulation and their orientation relative to the axial direction. The 
fiber orientation was classified in terms of four quadrant families: axial, 
circumferential, and two helical. Since ECD is often characterized by a lack of 
smooth muscle vasodilation in response to increased blood flow, we predict that 
the arteries of those mice with decreased endothelial NO signaling will have a 
greater relative amount of circumferentially oriented collagen fibers because of 
maladaptive remodeling to increased wall shear stress due to blood flow. In this 
study, there was an observed increase in the relative frequency of fibers in the 
circumferential family with age within the knockout mice compared to the wild-type 




outside of a slight increase in the undulation of the axial fibers in the knockout mice 
over time. There was also no noticeable difference between the heterozygous 
groups with partial endothelial NO signaling and the wild-type groups in terms of 
overall fiber orientation, indicating that loss of a single copy of the NO synthase 
gene does not produce a significant change in the microstructure of the vascular 
wall. 
4.2 Introduction 
With the increasing prevalence of vascular disease, the search for possible 
treatments has become increasingly relevant. While diseases such as 
hypertension, atherosclerosis, and heart disease have been extensively studied, 
there remains a gap in understanding concerning one of the precursors to these 
diseases, known as vascular endothelial dysfunction or endothelial cell dysfunction 
(ECD) 3,20,63,72. Even though endothelial dysfunction is often clinically associated 
with hypertension, there are also other conditions that can cause it to develop 
independently of hypertension 10,19,91.  While ECD tends to be a normal 
consequence of aging as a result of endothelial progenitor cell senescence, it has 
been shown to be exacerbated by conditions endemic to the Western world such 
as diabetes, chronic smoking, and a sedentary lifestyle 86,100,124.  
At its core, ECD is the inability of the vascular endothelium to adequately 
regulate vascular tone through the dilation of smooth muscle 129. In the healthy 
endothelium, shear stress caused by laminar flow stimulates the production of 
nitric oxide (NO) by endothelial nitric oxide synthase (eNOS) 26,41. NO not only 




accumulation of macrophages and platelets that leads to the development of 
atherosclerosis, 72. The decreased bioavailability, and therefore decreased activity, 
of NO can result in vascular endothelial dysfunction 28. While ECD starts out as a 
biomolecular disease, measurable changes in the physiological behavior of 
arteries may indicate future progression into a more severe disease. 
Many of these measurable changes in the mechanical behavior during 
ECD, such as alterations in FMD and PWV, are a result of changes in wall structure 
and composition. ECD hinders the vascular wall from undergoing NO-mediated 
vasodilation 72. As a result, the arterial wall must compensate to handle changes 
in blood pressure. One of the key components of ECD is an increase in intimal-
medial thickness (IMT) 41,85,88,123. Most of this increase in IMT is due to an 
overproduction of collagen, a much stiffer material than elastin 27,37. Often coupled 
with collagen overproduction is the gradual degradation of elastin 117. 
Consequently in ECD, an inversion of the collagen-to-elastin ratio from mostly 
elastin to mostly collagen is often observed 7,81. This overproduction of collagen in 
the arterial wall likely explains the increase in the elastic modulus 7,44.  
While the signaling associated with ECD and general trends in arterial 
histology have been extensively studied, the specific changes in arterial 
microstructure and mechanical properties are not well defined. There is a need to 
investigate how ECD affects the orientation of collagen fibers, as well as how both 
the changes in collagen organization and composition affect the mechanical 
behavior of elastic arteries. Therefore, this work investigates the effects of ECD 




increasing age using an eNOS/NOS3 knockout mouse model. We quantify the 
corresponding change in wall properties through a characterization of collagen 
distribution within the lower thoracic aortas of these mice. With this knowledge, 
arteries under ECD can be more completely characterized in future mechanical 
models. 
4.3 Methods 
4.3.1 NOS3 Mouse Model 
To appropriately analyze the contributions of nitric oxide signaling to 
collagen microstructure and composition, nitric oxide synthase (NOS3) knockout 
(KO), heterozygous hybrid (HET), and wild-type (WT) mice on a C57BL/6J (-B6) 
background, mice were used as animal models in the study (Jackson 
Laboratories). The genotype of each mouse was determined using PCR. For these 
mice, the WT group is expected to experience normal vascular NO signaling, 
where the only deviations from healthy signaling levels are a result of aging. On 
the other hand, the KO group lacks the gene that allows endothelial cells to 
produce effective eNOS enzymes and thus is expected to have minimal levels of 
NO signaling. The HET group is a hybrid of the KO and WT mice, from which partial 
NO signaling can be expected. From each group, six mice were euthanized via 
carbon dioxide asphyxiation at a range of ages from 6 weeks to 12 months with 
the help of our collaborators. From these mice, aortas were relaxed in-situ by our 
collaborators in 10-5 M sodium nitroprusside (SNP) and fixated in 4% 
paraformaldehyde via pressurized perfusion-fixation, causing a circumferential 




these arteries, segments between the 5th and 6th intercostal branches were 
dissected for imaging.  
4.3.2 Image Acquisition 
To allow for the imaging of elastin, collagen, and cell nuclei, excised 
sections of the arteries were stained with propidium iodide (1:3000 dilution), 
opened longitudinally, flattened, and mounted within an imaging spacer sealed 
with a glass cover slip. Two segments from each artery were imaged by our 
collaborators under second harmonic generation microscopy (SHG) using a 
confocal multiphoton microscope (Leica SP8) starting from the adventitia through 
the depth of the artery, resulting in a z-stack of images for each segment. Collagen 
was imaged using an excitation wavelength of 880 nm (infrared) and an expected 
emission wavelength of 440 nm. Elastin was imaged using an excitation 
wavelength of 488 nm (visible laser) and gathered using a band-pass filter for an 
expected emission wavelength range of 490-530 nm. The nuclei (most of which 
are SMCs) were imaged using an excitation wavelength of 552 nm (visible laser) 
and gathered with an expected emission wavelength ranging between 580-620 
nm. The elastin, collagen, and nuclei to be recorded in the red, green, and blue 
channels, respectively. Images were taken at 1 μm increments through the entire 
thickness of the sample at the two different sites on the same section of the artery.  
4.3.3 Image Processing 
Appropriate analysis of the extracellular matrix microstructure requires the 




images acquired from the previously conducted multiphoton microscopy was first 
processed using the fiber tracing program in AMIRA (ThermoFisher) to analyze 
both the collagen fibers and the smooth muscle cell nuclei 120. Although most of 
the stained nuclei were SMCs, not all the nuclei that stained in this channel 
corresponded to a cell of smooth muscle. Therefore, the majority SMC assumption 
allowed for the median nucleus direction to be taken as the representative direction 
for the smooth muscle.  
The spreadsheets of points obtained from this fiber tracing were then input 
into a custom MATLAB program for spatial processing 107. Using vector analysis 
within this code, the median orientation of the smooth muscle cell nuclei was 
measured for each sample, as shown in Figure 4.1. Assuming that the median 
SMC is oriented in the circumferential direction, the angle associated with the axial 
direction for collagen fiber analysis was computed. The output is a data set 
containing an orientation angle relative to the axial direction (ranging from 0-180 
degrees) within the axial-circumferential plane, an elevation angle relative to the 
axial-circumferential plane, and the fiber tortuosity.  
Prior to regression modeling, the acquired set of data was then filtered to 
remove any outstanding artifacts and outliers, including observations with an 
elevation angle greater than 50 degrees and a tortuosity greater than 2. The 
purpose of limiting elevation angles greater than 50 is because most previous 
studies observed almost all load-bearing collagen fibers to exist within the axial-




filtered out because it is very unlikely that these fibers will become load-bearing 
within normal physiological functioning 42,83. 
4.3.4 Regression Analysis and Modeling 
To achieve an accurate representation of the collagen within the 
extracellular matrix for quantitative analysis and future modeling, histograms were 
developed for both the orientation angles and tortuosity of the collagen fibers, a 
variation on the approach of Wan et al. 118. For the orientation analysis, bins of 10 
degrees were established for the range of 0-180° while bins of 0.025 were 
established for the tortuosity analysis for the range of 1.0-1.5. This abbreviated 
range for tortuosity analysis was chosen because this range of collagen fibers is 
the most likely to contribute to the arterial mechanical properties within the normal 
physiological loading range. The histogram results for both sites were averaged 
for each specimen. 
For tortuosity/undulation, the generated histograms for a group were 
averaged to generate a representative distribution curve for each group. Because 
of the intragroup variability among the primary orientation of the collagen fibers, 
the histograms containing the mean normalized frequencies for each specimen 
were used to fit a characteristic distribution curve using the Curve Fitting toolbox 
in MATLAB. After omitting all non-convergent fitted solutions, the parameters for 
each orientation angle distribution curve were averaged to create a characteristic 
distribution curve for each group. For orientation angle, a three-term Gaussian 
distribution was used to adequately represent the fiber distribution, represented by 




adequate, where an adequate representation is characterized with R2> 0.90. 
These representative curves will facilitate the accurate representation of the 
collagen fiber matrix in future microstructurally motivated models of the vascular 
extracellular matrix. 
Equation 1. Representation of a three-term Gaussian distribution function, where 
ai, bi, and ci for i=1,2,3 are constants determined by residual analysis in MATLAB 
and x is value of the parameter being measured. For the two-term Gaussian 
distribution function used to represent tortuosity, the same equation is applied but 
only for i=1,2. 









4.3.5 Fiber Family Statistical Analysis 
The collagen fibers for each sample were separated into four equally sized 
quadrants by fiber family classification, with one axially-oriented, one 
circumferentially-oriented, and two helically-oriented families (axial= 0-22.5°; 
157.5-180°, circumferential= 67.5-112.5°; helical= 22.5-67.5° and 112.5-157.5°) 
using MATLAB. For each family in a sample, the mean normalized frequency and 
average undulation associated with the family were calculated. These mean 
normalized frequencies and average undulations were then averaged across all 
the specimens in the group and the information gathered for each group was then 




allowed for the easier analysis of statistical significance, which was calculated 
using two-way ANOVA with a post-hoc Tukey test in both GraphPad and MATLAB. 
4.4 Results 
When these distributions are analyzed in terms of collagen fiber families, an 
interesting result tends to arise. As is observed in Figure 4.2, for the wild-type 
(WT) specimens there is a but statistically significant increase in the relative 
number of circumferentially oriented fibers and a decrease in axially oriented fibers 
with age. Overall, this is slight accompanied by an expected decrease in collagen 
fiber tortuosity with increased age, though this fiber stiffening can be seen to a 
somewhat greater extent with the circumferential and helical fibers than with the 
axial fibers. When comparing the panels of Figure 4.2, one can ascertain the 
effects of both age and genotype on the orientation and tortuosity of the collagen 
fibers. 
 Observing the relative frequencies of the collagen fiber families of the WT 
mice with increasing age in Figure 4.2a, there is a clear difference between the 
relative frequencies of the axial and circumferential collagen families. At both 6 
weeks and 3 months, there is a clear but statistically insignificant difference 
between the relative amounts of collagen fibers in the axial and circumferential 
fiber families, with a larger number of circumferential collagen fibers. As this group 
of mice age, there is no noticeable shift in the average normalized frequencies in 
either the axial or circumferential collagen fibers at 6 months and 12 months. At 
these ages, however, there is a significant difference between the mean 




 This change, or lack thereof, in collagen fiber frequencies is distinct from 
the results in the knockout (KO) mice in Figure 4.2b, where there is an overall 
increase in circumferential collagen fibers. In contrast to the wild-type mice of 
Figure 4.2a, the KO mice at 6 weeks have a greater frequency of axial collagen 
fibers. However, there is a much greater shift to increased circumferential collagen 
fibers with increasing age. Even though this difference is not statistically significant 
until the mice reach 12 months of age, the shift in the collagen fiber frequencies is 
much greater in the KO mice than in the WT mice. When isolating the frequency 
values at 12 months of age, there is a clear disparity in the differences between 
these two fiber families in the WT and KO mice. 
 While there is a clear trend in the evolution of collagen fiber frequencies 
with age for the KO but not for the WT mice, the tortuosity of the fibers do not show 
as clear of a distinction in overall remodeling between the two genotypes. As can 
be seen in Figure 4.2c, the decrease in the fiber tortuosity/undulation with age is 
greater within the circumferential family than in the axial family. While the 6-week 
WT mice have relatively similar undulations in both the axial and circumferential 
collagen families, the tortuosity in the circumferential direction steadily decreases 
in the first 6 months of age while the axial fiber tortuosity only undergoes a slight 
decrease. This decrease continues until the tortuosity of the circumferential 
collagen fibers is significantly less than that of the axial fibers in the 6-month group. 
Axial fiber tortuosity greatly decreases in the 12-month group. However, the 
circumferential fibers are still significantly less undulated than the axial fibers. The 




group is far less than among the previous age groups, possibly suggesting less 
vascular remodeling in the older age groups of the WT genotype. 
 Compared to the WT group, the KO mice display slightly different trends in 
terms of their tortuosity with increasing age (Figure 4.2d). As in the WT mice in 
the previous panel, the tortuosity in the axial and circumferential directions is 
similar in young KO mice. Unlike the WT group, the average tortuosity of the axial 
fiber slightly increases in the KO mice, with very little change after 3 months. Also, 
while the average tortuosity of the circumferential fiber family decreases with time 
overall, it increases slightly but no significantly between the 3-month and 6-month 
groups. The standard error in tortuosity is too large to achieve statistically 
significant differences between groups. The only time point at which the two fiber 
families are statistically different is at 12 months, where the circumferential fibers 
are significantly less undulated than the axial fibers. When comparing the KO mice 
in this panel with the WT mice in the previous panel, the difference between the 
undulations of the two mentioned collagen fiber families is much greater compared 
to their WT counterparts. However, most of this is a result of a relative increase in 
the axial undulation rather than a greater decrease in that of the circumferential 
fiber family. 
Figure 4.3 demonstrates an overall shift in fiber orientation toward the 
circumferential direction by isolating the trends in the frequencies of the 
circumferential fibers among the three studied genotypes (WT, KO, and HET). 
Here, there is a statistically significant shift observed in the KO mice where NO 




is no significant difference among the amounts of circumferential collagen fibers 
until the mice reach 12 months of age. At this point, the KO mice have significantly 
more circumferential fibers than either the WT or the HET mice. Interestingly, there 
is no significant difference between the frequencies of the WT and the HET mice 
in any of the age groups. The WT mice undergo a small but steady increase in the 
relative frequency of the circumferential fibers until 6 months, at which point it 
levels out. In the HET mice, the average circumferential frequency reaches its 
maximum amount at 3 months before decreasing. 
Overall, this shift in collagen fiber distribution toward the circumferential 
direction is amplified by the reduction in eNOS signaling as shown by the knockout 
distributions. This is accompanied by a sharper decrease in circumferential 
collagen fiber tortuosity. These general trends can also be observed from the data 
collected across all samples in Table 4.1 and Table 4.2. While not displayed in 
either of the figures mentioned in this section, the changes in the relative 
normalized frequencies of the two helical families (Table 4.1 and Table 4.2) 
account for some of the disparities in the frequencies of the axial and 
circumferential groups. For the future development of computational models, the 
mathematical parameters that define the Gaussian distributions derived from the 
collagen histograms are listed in Figure 4.4 and Table 4.3 for orientation and 
tortuosity, respectively. 
4.5 Discussion 
The main purpose of this study was to investigate the microstructural 




orientation and tortuosity of the collagen fibers within each of the samples were 
successfully quantified via SHG analysis in terms of both distribution curves and 
frequency of fiber families. While previous clinical data has shown a tendency for 
blood vessels under ECD to undergo intimal-medial thickening because of 
collagen fiber deposition and, on occasion, smooth muscle expansion, very few 
studies have directly examined the changes in the collagen microstructure or have 
made inferences related to the resulting changes in mechanical properties. 
 Observing the trends depicted in Figure 4.2, the correlation between the 
change in collagen fiber direction and undulation/tortuosity and a lack of 
endothelial signaling begins to emerge. In terms of fiber orientation, the knockout 
specimens underwent a decrease in the number of axially oriented fibers and an 
increase in circumferentially oriented fibers with increasing age. This trend was not 
observed, however, in the wild-type mice. Although the differences between the 
frequency of these two families were significant at later ages (both 6 months and 
12 months) in the wild-type mice (Figure 4.2a), the shift in collagen fiber orientation 
was more dramatic with age in the knockout mice (Figure 4.2b). As can be 
observed by the bolded numbers in Table 4.1, the differences in frequency 
between the axial and circumferential collagen fibers is greater in the knockout 
mice than in the wild-type mice.  
 One observation that is peculiar in the wild-type mice is the lack of change 
in orientation (Figure 4.2a), and undulation (Figure 4.2c) after 6 months. With 
orientation, there is very little change after 3 months, and even the change that 




undulation/tortuosity, there remains a steady decrease in the tortuosity of the 
circumferential fibers but there is negligible change going from 6 months to 12 
months compared to the difference between the other age groups, as indicated by 
the slope of the line in the plot. While the trends observed in terms of tortuosity are 
not statistically significant, they may suggest that in the absence of disease (such 
as ECD), the elastic arteries are only able to remodel to a certain point purely 
because of age. Based on a computational model developed by Valentin, et al., 
this may occur at older ages if remodeling kinetic constants are very low 113. 
However, most aging coincides with the development of ECD as a result of 
endothelial cell senescence, so this occurrence is very unlikely in practice 110. 
 This lack of remodeling in the older age groups is not observed, however, 
among the circumferential fibers in the knockout mice in terms of both orientation 
(Figure 4.2b) and tortuosity (Figure 4.2d). When looking at orientation, there is a 
consistent increase in the relative frequency of collagen fibers in the 
circumferential family coupled with a similar decline in that of the axial family. In 
contrast to the differences between these two families for the wild-type (WT) mice, 
the difference in the relative frequencies of the axial and circumferential collagen 
families in the knockout (KO) mice is significantly more pronounced.  
Overall, these results are consistent with the physiological outcomes of 
ECD. Because the smooth muscle is unable to adapt to the increased 
circumferential stress brought about by increases in pressure, it makes sense that 
there is increased collagen deposition in the circumferential direction. The 




pressure is translated to circumferential stress on a cylinder, one can assume that 
most of the newly deposited collagen will be oriented toward the circumferential 
direction 45. As with the WT mice, the tortuosity of the circumferential fibers 
decreases with age. However, there is also an overall observed increase in the 
undulation of the axial collagen fibers. Because few studies have looked at the 
physiological significance of the remodeling of axial collagen in terms of tortuosity, 
this finding may open the door to future experimental and modeling studies 
concerning changes in mechanical properties and relationship with vascular 
disease and overall changes to the elastic arteries with age. For example, this may 
be related to the increased tortuosity of the aorta as a whole with age 9. 
The increase in the frequency of circumferential collagen fibers is 
highlighted in Figure 4.3. As can be seen by the trends with age among the wild-
type, heterozygous, and knockout specimens, the normalized frequencies of 
circumferential collagen fibers increase with age for almost all genotypes. The 
exception to this trend is seen in the HET mice, which reached a maximum relative 
number of circumferential fibers in the 3-month group before slowly decreasing 
with age. While the relative number of circumferential collagen fibers in the 6-week 
KO mice was less, they steadily increased over time while the other families only 
slightly increased. At 12 months of age the frequency of circumferential fibers in 
the knockout mice is significantly greater than in the heterozygous or the wild-type 
mice. Interestingly in Figure 4.3, there was not a significant difference between 
the WT and HET circumferential collagen frequencies at any age group. While 




genotype for vascular NO signaling may be sufficient for adequate endothelial 
functioning. Should these results be backed up by further investigation, it could 
have clinical implication in terms of the determination of adequate dosage for 
nitrates geared toward pharmaceutical NO administration. 
While more research is required to find the mechanism behind this dramatic 
shift, one can hypothesize that this may be due to a greater demand in support 
from the arterial extracellular matrix to compensate for increases in blood pressure. 
Because vascular ECD implies a decreased flow-mediated vasodilation, the artery 
is less able to adjust to increases in pressure. Therefore, the arteries must become 
stronger to prevent the fracturing of the wall. As can be seen in Table 4.3, the 
average collagen angle for the 12-month knockout mice is closer to 90 degrees 
from the axial direction than any other age or genotype. However, most of the other 
parameters of the distribution curves tend to have a greater correlation with age 
than with genotype. Nonetheless, these Gaussian orientation distribution curves 
will allow for an accurate representation of the collagen orientation of each age 
and genotype in the development of future mechanical models of this disease. 
Parameters for the Gaussian distribution curves for tortuosity can be seen 
in Table 4.4. In this table, it appears that tortuosity tends to have a greater 
correlation with age than with genotype, with tortuosity decreasing with increasing 
age. This shows that while ECD has a direct effect on the collagen deposition and 
fiber orientation, it does not affect the undulation at which the fibers are deposited. 
This indicates that even though there is a greater amount of collagen within arteries 




before many of the collagen fibers become load bearing. This also challenges the 
previous assumption that ECD causes arteries to age more rapidly 104,110. Rather, 
it appears that this disease causes the arteries to remodel into a material with its 
own unique mechanical properties. Therefore, the future experimental and 
computational study of vascular endothelial dysfunction, isolated from any 
corresponding conditions, is needed to gain a greater understanding of the effects 





4.6 Tables and Figures 
Table 4.1. Mean Normalized Frequencies for Four Fiber Families 
 
 
Apart from the knockout samples, all differences in age for all fiber families were 
statistically significant (p<0.05). Differences among genotypes were also 
significant (p<0.01). The quantities in bold represent the twelve-month values 
indicated by the asterisks in Figure 4.2. 
  
Age Genotype Axial Circumferential Helical 1 Helical 2
Average 0.196 0.290 0.273 0.242
SD 0.129 0.130 0.145 0.147
Average 0.280 0.232 0.219 0.269
SD 0.177 0.103 0.176 0.198
Average 0.321 0.188 0.230 0.261
SD 0.180 0.149 0.169 0.128
Average 0.193 0.326 0.297 0.185
SD 0.183 0.166 0.170 0.100
Average 0.156 0.332 0.179 0.333
SD 0.115 0.100 0.083 0.088
Average 0.182 0.323 0.331 0.164
SD 0.103 0.137 0.136 0.096
Average 0.195 0.321 0.287 0.197
SD 0.098 0.075 0.104 0.103
Average 0.209 0.331 0.260 0.200
SD 0.138 0.166 0.164 0.129
Average 0.143 0.352 0.280 0.225
SD 0.087 0.116 0.149 0.157
Average 0.204 0.314 0.212 0.284
SD 0.129 0.101 0.098 0.116
Average 0.219 0.281 0.127 0.373
SD 0.127 0.155 0.084 0.109
Average 0.089 0.460 0.209 0.242

























Apart from the wild-type samples, all differences in age for all fiber families were 
statistically significant (p<0.05). Differences among genotypes were also 
significant (p<0.05). The quantities in bold represent the points in Figure 4.2 
indicated by an asterisk. 
Age Genotype Axial Circumferential Helical 1 Helical 2
Average 1.333 1.346 1.354 1.347
SD 0.081 0.080 0.132 0.050
Average 1.320 1.296 1.361 1.342
SD 0.063 0.008 0.063 0.085
Average 1.308 1.344 1.322 1.310
SD 0.064 0.058 0.031 0.097
Average 1.339 1.317 1.308 1.344
SD 0.048 0.074 0.080 0.056
Average 1.382 1.306 1.370 1.320
SD 0.118 0.046 0.109 0.034
Average 1.336 1.291 1.277 1.350
SD 0.074 0.028 0.037 0.065
Average 1.323 1.265 1.292 1.337
SD 0.031 0.005 0.019 0.012
Average 1.316 1.274 1.353 1.324
SD 0.073 0.108 0.160 0.105
Average 1.336 1.313 1.337 1.344
SD 0.055 0.052 0.155 0.049
Average 1.290 1.261 1.276 1.273
SD 0.041 0.012 0.040 0.050
Average 1.291 1.267 1.367 1.275
SD 0.074 0.054 0.103 0.042
Average 1.339 1.252 1.295 1.294























Parameters for the representative distribution curves of the collagen fiber tortuosity for each of the different groups along 
with the average tortuosity for each group, (SD= standard deviation). The characteristic equation for each of these terms 
corresponds to Equation 1 where the summation only goes to i=2. Each of the terms a1, b1, c1, etc. represent the 
corresponding constants shown in Equation 1. All distributions used to get these representative curve parameters were fit 
to the Gaussian model with an R2 > 0.95.
Avg Tortuosity SD a1 b1 c1 a2 b2 c2
Wild-Type 1.258 0.038 8.276 -1.309 1.115 0.036 1.050 1.115
Heterozygous 1.270 0.039 3.461 -0.782 0.968 0.044 1.048 0.017
Knockout 1.261 0.049 14.730 -1.480 1.129 0.041 1.050 0.013
Wild-Type 1.288 0.066 2.034 -0.322 0.795 0.065 0.990 0.003
Heterozygous 1.270 0.060 1.731 -0.613 0.963 0.053 1.047 0.028
Knockout 1.244 0.017 1.166 -0.251 0.819 0.055 1.049 0.028
Wild-Type 1.251 0.001 2.723 -0.787 0.991 0.063 1.048 0.029
Heterozygous 1.246 0.113 2.257 -0.313 0.775 0.062 1.052 0.020
Knockout 1.252 0.027 0.942 -0.011 0.711 0.050 1.054 0.015
Wild-Type 1.217 0.063 1.126 -0.174 0.779 0.056 1.046 0.019
Heterozygous 1.229 0.037 0.800 -0.052 0.750 0.068 1.048 0.025










Figure 4.1. Illustration of image processing and histogram analysis for the 
creation of representative distribution curves for undulation and orientation. A) 
Depicted is a typical image obtained by SHG microscopy, followed by a typical z-
stack of the images through the depth of the sample. Before the collagen fibers 
can be analyzed, the orientation of the smooth muscle cells (SMC) is determined 
to set the alignment of the axes. These fibers are then processed in a custom 
MATLAB program where they are reconstructed in a 3-D model to determine 
information regarding the orientation angle, elevation angle, and tortuosity. (Get 
better image that shows only smooth muscle or only collagen, provide axis for 
orientation) B) Representation for the measurements used to calculate 
tortuosity/undulation, where the end-to-end length represents the straight length 
between each ends of the fiber while the total length represents the length along 
all the curves of the fiber. C) Undulation histograms obtained from each 
specimen in a group are averaged and used to obtain a representative histogram 
for that group. A two-term Gaussian curve is then fitted to that representative 
histogram. D) Histograms of the collagen orientation angles for each specimen 
are used to create individual Gaussian distribution curves. The parameters from 
these curves are then averaged to create a representative distribution curve. (A 







Figure 4.2. Representative results detailing the changes in collagen fiber 
distribution and tortuosity/undulation for wild-type and NOS knockout specimen 
groups with age. All error bars denote the standard error of the mean. A) Familial 
distributions of collagen fiber orientation for wild-type samples over age (p<0.01). 
B) Familial distributions for collagen fiber orientation for knockout samples with 
age (p<0.001). C) Average fiber tortuosity for each family with age for wild-type 
specimens (p<0.05), D) Average fiber tortuosity for each family with age for 
knockout specimens (p<0.05). Expanded results of this information are shown in 
Table 4.1 and Table 4.2. Asterisks (*) on data points indicate areas in the data 






Figure 4.3. Depiction of the observed trends for the normalized distribution 
frequency for collagen fibers aligned in the circumferential direction for wild-type, 
heterozygous, and knockout samples. Error bars denote the positive standard 
error from the mean. Points marked with a dagger (†) indicate points that are 
significantly different from their counterparts in the other genotypes. Expanded 




Figure 4.4. Parameters for the distribution curves of collagen fiber orientation for each of the different groups along with 
the average orientation angle relative to the axial direction, (SD= standard deviation). Each of the terms a1, b1, c1, etc. 
represent the corresponding constants shown in Equation 1. All distributions used to calculate these representative curve 
parameters were fit to the Gaussian model with an R2 > 0.90. 
  
Age Genotype Average Angle a1 b1 c1 a2 b2 c2 a3 b3 c3
Average 77.925 0.096 81.410 44.769 0.046 95.075 61.335 0.023 58.250 10.920
SD 3.218 0.040 11.633 31.510 0.019 51.510 60.626 0.025 23.501 17.805
Average 106.326 0.244 114.275 59.835 0.122 113.648 25.466 -0.015 103.178 9.289
SD 9.850 0.309 10.626 14.422 0.135 39.551 23.961 0.019 36.090 14.237
Average 97.765 0.238 117.662 51.935 0.084 58.917 26.758 0.041 90.646 38.354
SD 12.301 0.170 113.822 39.294 0.049 60.029 12.557 0.028 71.358 48.111
Average 84.240 0.133 76.022 49.926 -0.049 114.978 113.715 0.014 103.850 30.964
SD 15.379 0.050 18.868 14.270 0.070 93.105 202.426 0.031 21.752 39.733
Average 101.121 0.118 119.420 32.998 0.042 124.722 131.370 0.017 142.020 7.734
SD 13.134 0.057 34.730 31.738 0.063 45.906 227.129 0.022 19.865 6.987
Average 72.551 0.126 -157.322 133.233 0.061 10.597 7.089 0.030 4.161 0.508
SD 7.246 0.059 316.189 264.578 0.035 20.744 11.506 0.017 8.628 0.910
Average 87.954 0.074 -0.070 1.597 0.048 -1.372 0.301 0.035 -0.710 0.031
SD 5.823 0.002 0.206 0.021 0.032 1.360 0.242 0.038 0.809 0.039
Average 86.390 0.183 0.035 0.375 0.077 -0.760 0.552 0.051 -0.148 0.567
SD 22.865 0.145 1.105 0.427 0.013 0.798 0.543 0.023 0.663 0.576
Average 85.802 0.111 -0.056 0.830 0.039 -0.028 1.114 0.019 0.389 0.137
SD 19.146 0.038 0.402 0.476 0.026 0.415 1.421 0.015 0.182 0.138
Average 94.846 0.259 0.218 0.695 0.048 -0.929 1.586 0.021 -2.102 0.639
SD 13.874 0.398 0.559 0.419 0.017 1.256 1.614 0.025 3.746 1.200
Average 110.680 0.241 0.477 0.666 -0.069 0.790 1.390 0.042 1.095 0.227
SD 16.269 0.255 0.761 0.632 0.337 1.496 0.984 0.035 0.724 0.176
Average 90.548 0.109 -0.182 0.505 0.152 0.149 0.924 0.032 -0.333 1.270























Conclusions and Future Directions 
5.1 Conclusions 
ECD is a vascular disease characterized by the lack of signaling, especially 
NO signaling, from the endothelium. Largely the result of high oxidative stress, this 
disease that is commonly associated with aging is often exacerbated by numerous 
factors commonly associated with the modern Western lifestyle such as smoking, 
diabetes, and lack of physical activity. There are also some links between the onset 
of ECD and hypertension and COVID-19. If left untreated through lifestyle 
changes, the progression of ECD can result in the onset of hypertension, 
aneurysm development, atherosclerosis, and future heart failure. 
The presence of ECD is often associated with a change in physiological 
functioning and overall wall structure. Most notably, ECD is associated with a 
decrease in %FMD due to an inability of the vascular endothelium to respond to 
changes in blood flow. It is also associated with an increase in PWV, which is often 
an indicator of a decreased influence of the elastic lamina on mechanical behavior. 
This change in mechanical behavior is also seen through an increase in wall 
stiffness as observed by an increase in elastic modulus. Changes in the structure 
of the arteries is also seen in an increase in IMT, which is mostly a result of 




While the physiological and histological outcomes of ECD are well 
documented, there remain few studies that have directly modeled the mechanical 
behavior of the artery after growth and remodeling caused by ECD. While 
phenomenological models will likely need to be used to provide a characteristic 
strain energy function from which one can develop an accurate stress-strain 
relationship, a structurally motivated growth and remodeling approach will be 
needed to provide the predictive value necessary for accurate modeling in the 
future. To this end, kinematic relationships must be defined for the undeformed, 
deformed, and remodeled states for the body and the individual constituents. Then 
the individual constituents must be given strain energy equations to characterize 
their individual mechanical behavior, from which collagen must be assigned as a 
complex matrix of fibers with a distribution of orientations. Lastly, kinetic G&R 
parameters must be assigned to characterize the time-dependent remodeling of 
constituent configurations. Previous studies that have developed models of similar 
disease states show an overall change in physiological functioning with an 
increased wall stiffness. These models can be useful if they are modified to 
account for the nuances of changes resulting from reduced NO signaling. Other 
studies have examined maladaptive remodeling that arise from sustained increase 
in flow rate, in which arterial wall thickening, increased collagen deposition, and 
increased wall stiffness are observed. These models can be useful if they are 





Overall, the experimental studies tend to confirm and expand upon the 
conclusions gathered from the literature review. In our experiments, mouse aortic 
specimens gathered from WT, KO, and HET groups were successfully imaged 
using SHG microscopy. Based on analysis from the gathered images, a set of 
conclusions can be gathered on the effects of endothelial dysfunction on the 
microstructure of the vascular wall. Overall, our previously stated initial hypothesis 
was proved by our experimental evidence. It was observed that mice with vascular 
endothelial dysfunction (KO) have a much greater relative number of fibers 
oriented in the circumferential direction. Interestingly, partial endothelial nitric oxide 
signaling, as demonstrated by the HET mice, also has no noticeable effect on the 
vascular microstructure compared to those with normal signaling. On the other 
hand, while tortuosity remains similar for mice both with and without ECD (both 
WT and KO mice), there is a slight increase in the tortuosity of the axial fibers in 
the knockout mice.  
5.2 Future Directions 
With the background in knowledge regarding ECD provided in this thesis, 
future research efforts pertaining to this disease may be inspired. One area of such 
future research could investigate the effects of ECD on the microstructure and 
mechanical properties of the arterial wall. However, studies conducted in this area 
must aim to isolate effects caused by inadequate NO bioavailability from conditions 
with which it is normally coupled, such as hypertension, atherosclerosis, and aging. 
Therefore, future mechanical models should focus on using the common effects of 




disease to conclude the associated biological phenomena and adapt their models 
accordingly. From there, the increased complexity and nuance derived from further 
study of the vascular extracellular matrix can be added to gain a more complete 
description of the microstructurally derived mechanical properties. 
With this current experiment, we lacked the ability to gather complete 
histological data of the aortas from the mice used to model ECD. For each age 
and genotype, murine aortas are extracted like is done in the previous chapter, 
stained with Picrosirius Red, and fixated in paraffin before being analyzed under 
light microscopy. Using custom image analysis software, the relative collagen 
content was calculated via the area fraction of the stain. A current but incomplete 
data set is shown in Figure 5.1. Currently, the KO mice display an expected 
increase in the area fraction of collagen with age. This data set is almost complete 
with only a few data points missing. While this trend is not yet observed in the WT 
and HET mice, most of these age groups only contain one or two data points which 
are not representative of the entire sample. Based on the literature review one 
should expect the collagen area fraction to increase with age in all mice, with the 
WT and HET mice displaying a lower area fraction overall compared to the KO 
mice but most notably in the younger mice. This data may be incomplete, but its 
completion is paramount in being able to use changes in microstructural content 
as a justification for observed changes in the mechanical properties of the arterial 
wall. 
Future experimental studies may look toward gaining a deeper 




there have been numerous experimental studies detailing the properties of these 
arteries in-vivo, very few studies have characterized them through uniaxial or 
biaxial inflation-extension testing. By doing these tests and gaining stress and 
strain data, one can come to a better understanding of the mechanical nature of 
the arterial wall 93,131. In the translation of experimental data into a mathematical 
platform, such direct mechanical data can be used to supplement the previously 
discussed clinical data to obtain an accurate computational model of the 
dysfunctional arterial wall 59. 
Another area of future direction is through the development of a mechanical 
model based on observed microstructural data. According to the experimental 
data, a common trend among subjects with vascular ECD is intimal-medial 
thickening derived from collagen expansion coupled with gradual elastin 
degradation 7,88. Because collagen growth tends to adapt to the residual pre-stress, 
one may assume that a lack of vasoactive dilation would cause an increase in 
circumferential collagen 24,87. While, experimental data has yet to confirm this 
finding in ECD, preliminary models may take the approach of forcing newly 
deposited collagen to follow a distribution with a circumferential mode while 
implementing a uniform decay function for elastin 50,126. Another approach would 
be through the four fiber family model, in which the circumferential collagen family 
would have a continuous growth with age 84. However, true collagen growth rates 
and distributions must be confirmed with experimental evidence before 




Pathways for further development also include a predictive, NO-coupled 
mathematical formulation of vascular growth and remodeling. Even though a 
mechanical model based on local chemical concentrations would normally 
interfere with the assumption of a continuum, evidence suggests a functional 
relationship between NO bioavailability and medial collagen synthesis 56,73. While 
this exact relationship has yet to be mathematically quantified, such an 
experimental study would be critical in directly linking NO and maladaptive growth 
and remodeling. Such a direct link would allow for the transformation of clinical and 
experimental data of nitric oxide bioavailability into a growth and remodeling 
framework from which a continuum mechanics model can be developed. Because 
age and hypertension-related collagen deposition models of growth and 
remodeling have already been established, one can easily translate these models 






5.3 Tables and Figures 
 
Figure 5.1. Total collagen content in each group of mice as measured by area 
fraction. Error bars represent the standard error of the mean (SEM) and are only 
applied to groups that contain more than two samples. (Histology data acquired 
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Appendix A  
Kinematic Definitions 
Before the constitutive stress-strain relationships can be created, kinematic 
definitions must be set to the material in question. During model development, 
different choices must be made regarding the kinematic definitions. On the scale 
of the body for the entire vessel, most models use a first-order deformation 
gradient tensor to define the change in geometry from which the Cauchy-Green 
strain can be computed 22,113. When the body is deformed, a stretch ratio is often 
used to compare the deformed to the undeformed geometries 83,84,125. In an 
experimental setting, this deformation, is often calculated using an inflation-
extension test to simulate the in-vivo deformation of the elastic artery 122. Some 
models then couple this with a defined opening angle from an artery cut into a 
sector, 113. This method allows for the computation of the residual stress within the 
artery due to the interactions between collagen and elastin 113,114. 
In the kinematic definitions for microstructurally based models, the 
kinematics for each constituent must be defined. Because of its typically 
membranous nature in the elastic arteries, elastin is normally defined as an 
isotropic material with no directionality and assumes a factor of the deformation of 
the entire body 86,122. Kinematically, smooth muscle is defined in a similar fashion 




almost circumferentially wraps around the artery, causing it to have transversely 
orthotropic behavior with a tendency toward the circumferential direction 54,122. 
However, recent evidence suggests that smooth muscle orientation is more 
complex, so future models might account for vascular SMC’s to have more of a 
Gaussian distribution with helical domains 98. 
Collagen, on the other hand, is commonly defined as a distribution of fibers, 
with multiple fiber families each with a directional orientation 83,113,119,125. Previous 
studies group the collagen fibers into two families based on angle relative to the 
axial/longitudinal direction, in which the fiber length and angle relative to the axial 
direction are defined in both the stress-free and loaded configurations (Figure 3.1) 
119. However, recent works use more fiber families to account for the increased 
complexity of the collagen fiber network 83,126. This expansion to four collagen fiber 
families allows for the inclusion of fibers that are oriented in the radial direction and 
those that are in compression at any given stress state 83.  
Another use of the four-fiber family model is to assume the directionality of 
two main collagen fiber families to be in alignment with the principal stresses and 
assuming the other families to be oriented in the circumferential and axial 
directions, respectively 54. However, it is possible that using a lower number of fiber 
families maintains the purpose of simplifying the problem and assuming the 
contributions from those other two families to be negligible. In future studies, the 
multi-fiber family model may be abandoned for a more complex, Gaussian, beta, 
or von Mises mixture distribution to account for the true nature of the structure of 




true distribution of collagen fibers within the vascular extracellular matrix is 
compiled, the need for more biomechanical models that utilize this description 










After the kinematics of the vessel in question are defined, constitutive 
equations can then be formulated to relate deformations in the healthy blood 
vessel geometry to the stress and strain of the tissue. As with defining the 
kinematics, the strain energy functions for each constituent must be defined before 
attempting to define the behavior for the entire vessel. In most models, elastin is 
assumed to be an isotropic, homogeneous material that demonstrates simple neo-
Hookean behavior based on the first tensor invariant 51,83,113,119. This assumption 
is reasonable due to the membranous nature of most of the elastin found in the 
elastic arteries and mostly simple elastic behavior of the collagen fibers 65,86.  
In the passive state completely without contractile activity, smooth muscle 
is commonly defined as a transversely isotropic material with preference toward 
the circumferential direction 86,119. Mathematically, this transverse isotropy is 
modeled within the strain energy function through the normal circumferential stress 
displaying dependency on direct material properties while stress along the other 
directions displays the previously defined simple elastic behavior 50,51,126. However, 
other studies have considered the smooth muscle’s elastic contributions in the 
radial and axial directions to be negligible compared to that of the other 




While constitutive equations for the other constituents are simpler due to 
their lack of material complexity, definitions of the collagen fiber matrix must 
account for its directional distribution in addition to the mechanical properties of 
the individual fibers. Individually, collagen fibers display orthotropic behavior with 
different mechanical properties in each orthogonal direction 83,84,119. Some models 
accomplish this by multiplying the properties of the individual fiber families by the 
direction vector for that family along the axial-circumferential plane 119,125. Others 
display this directionality using an orientation angle along the axial-circumferential 
plane while applying vector directionality to families not oriented along the major 
load-bearing plane 83,84. Still others expand upon this formulation by describing 
collagen using a distribution with a majority of fibers oriented along a principal 
direction 65. These models can be further expanded upon by accounting for the 
separate mechanical properties that arise from density-dependent collagen cross-
linking 89. 
While previous models have assumed the arterial extracellular matrix to act 
akin to a fiber-reinforced mixture, recent models add additional complexity to the 
collagen contribution by accounting for the recruitment of individual collagen fibers 
65,83. Using multiphoton microscopic imaging techniques, researchers in the field 
have shown that collagen not only has a directionality, but also a level of tortuosity 
(ratio of total length to straight length) 29. As such, recent models account for this 
fiber tortuosity by assuming that a collagen fiber only becomes loadbearing when 
it becomes completely uncoiled (i.e. tortuosity=1) 83. In comparison to the simpler 




requiring a deeper understanding of the collagen matrix of the desired arterial 
tissue. As such, more in-depth experimental analyses of the tissue in question are 
required to effectively utilize this added level of complexity. 
To account for the combination of constituents in the total stress equations, 
most microstructurally based methods utilize a constrained mixture model. In this 
model, a strain energy function for the entire structure is created by multiplying the 
individual strain energy functions by the mass fractions of the corresponding load-
bearing constituents 8,83. For collagen, this includes a summation of the strain 
energy contributions of each fiber family 8,83. Once the strain energy function is 
defined, many theoretical frameworks compute the stress equation through a 
modification of the strain energy derivative with respect to the right Cauchy-Green 
strain tensor, as is clearly presented in Bellini, et al. 8. One major assumption for 
most biological tissue that is accounted for in the formulation of the stress equation 
is that of incompressibility 8,83,84,86.  
Additionally, smooth muscle cell activity must be considered in live arterial 
tissue. While some models account for this through an addition of an active stress 
tensor to denote the difference between the active and passive states, others 
account for the contribution of smooth muscle activity through the assumed 
circumferential directionality 8,119,125. This additional directionality of smooth muscle 
cell activity provides for a more descriptive model of the active stress contribution. 
However, one might find it more difficult to translate this term to the experimental 
setting. Nonetheless, the active stress contribution of both models fails to account 




in response to internal and external stimuli. To account for the true interaction of 
the vascular wall with the mechanical stimulus of blood flow, a fluid-structure-
interaction model should be considered 16,39. To include the true activity of smooth 
muscle cells in-vivo, one might incorporate chemo-mechanical components that 







Appendix C  
Growth and Remodeling 
To effectively account for restructuring that occurs during vascular 
pathologies like endothelial dysfunction, growth and remodeling elements would 
likely need to be added to the established constitutive equations. During growth 
and remodeling (G&R), the relative amounts of the constituents, notably collagen, 
changes to adapt to a long-term change in the loads experienced by the vessel 
wall 1. The altered composition manifests itself in a change in the vessel geometry, 
as shown in Figure 3.2 51. This change is often characterized by a remodeling 
stretch ratio resulting in two new mechanical states: an unloaded remodeled state 
and a loaded remodeled state 51,84.  
Regarding the total amount of constituents, some models may assume that 
the total change in the amount of elastin in the arterial wall is almost negligible 
compared to gross deposition and restructuring of the collagen matrix 83. However, 
if one is to accurately describe the structural changes that occur due to endothelial 
dysfunction, one must account for the slow degradation of elastin that is 
documented in many histological samples 65,104. One method to account for this is 
through a simple first-order decay function, which provides utility in its simplicity 
and adequate accuracy 114,126. Other models take a more complex approach, 




modifying their approaches to account for the increased complexity that 
accompanies the collagen matrix 119.  
In some cases, complexity is even further derived through the addition of 
kinetic definitions to account for these constitutive changes, especially in terms of 
collagen. Some models start with the assumption of conservation of mass density 
and assume that the total change in mass is equal to the difference in mass 
production and mass removal 12,119. In some cases, the new stress contribution by 
the generated collagen is then assumed to relieve some of the stress previously 
supplied by smooth muscle activity 8,119. This is often incorporated in a stress-
dependent mass production/degradation equation 12,89. Other models take a 
simpler approach, employing a basal production and degradation rate of collagen 
independent of the active stress generation 51,125.  
Concerning the orientation of the newly produced collagen, most models 
argue that this collagen is in a singular or bimodal Gaussian-type distribution with 
a mean orientation in the same direction as that of the consistent abnormal stress 
65,83. This assumption would make sense due to the attempt in remodeling to 
restore circumferential stress experienced by the arterial wall to that of the healthy 
state 113,119. In turn, the change in the overall collagen distribution due to turnover 
within the collagen matrix is accounted for via the collagen survival fraction, which 
shows the exponential decay of the collagen originally found within the healthy 
tissue 113,126. Other recent studies have further improved upon this through the 
relationship between collagen remodeling and hemodynamic stress generation, 




experiencing due to blood flow and pressure 125. While a chemo-mechanical model 
is normally used to account for the nuanced cellular interactions, some studies 
have found a balance with looking at signal concentrations within the continuum89.  
 
